The synthesis of low mol. wt. RNA has been studied in KB cells infected with adenovirus type z after labelling with 3H-uridine or ~2p. An increasing amount of virus-coded VA RNA is detected from 8 h after infection onward. The rate of synthesis of tRNA is unchanged up to 16 h after infection and thereafter decreases; from 24 to 48 h after infection, the specific activity of tRNA is about 6o ~o of the control value. The specific activity of cellular 5S RNA increases from 12 h after infection. When the tRNA is analysed by a two-dimensional gel electrophoresis system resolving the tRNA into 42 to 47 spots, changes in synthesis of tRNA in individual spots are seen. From 8 to IZ h after infection, an increase in the relative rate of incorporation into RNA is observed in 7 spots, while a significant decrease is detected in 8 spots. From I2 to I6 h after infection, incorporation into RNA is increased in 6 spots, but is most marked (sevenfold) in I spot. A decrease of incorporation into RNA in 6 spots is observed at the same time. From 24 to 34 h after infection, an increase in synthesis of RNA in 8 spots is observed and a decrease also in 8 spots. Incorporation into RNA in 2 spots is virtually shut off.
INTRODUCTION
It has been generally accepted that isoacceptor transfer RNAs (tRNA) may play a regulatory role in translation of genetic information (Littauer & Inouye, 1973) . The role oftRNA in virus infections is particularly interesting. Several bacteriophages carry genes for various tRNAs. The phage T 4 codes for eight tRNAs (McClain et al. I972) while T 5 has been shown to carry at least 14 different tRNA genes (Scherberg & Weiss, 197o) . Other bacterial viruses are also known to change host tRNA populations. Unlike bacteriophages, animal viruses do not appear to carry genes coding for tRNA. Virus infection and/or transformation does, however, induce changes in the tRNA population of the cell (Gallagher et al. 1972; Sekiya & Oda, 1972; Jacobsen et al. 1974) . The presence of tRNA of host origin in RNA tumour viruses was demonstrated (Wang et al. I973) and it was shown that host cell tRNN ~p serves as a primer for the synthesis of the DNA intermediate of the virus genome (Sawyer et al. 1974) . The interferon-induced block of mRNA translation appears to be reversed by tRNA (Content et al. I974; Gupta et al. 1974) . Productive infection of KB cells with adenovirus type 2 (Adz) leads to profound changes in cellular metabolism. Late after infection most of the DNA, RNA and protein synthesis is virus-specific (Schlesinger, 1969) . Cellular ribosomal RNA synthesis is markedly reduced (Raskas et al. 197o ) but synthesis of tRNA continues (Ra~ka et al. 197o) . Adenoviruses code for a low mol. wt. RNA molecule called VA RNA (Reich et al. I966) and one or more additional minor RNA species (Mathews, 1975; Ragka et al. I976; S6derlund et al. 1976; Weinmann et al. 1976) . The function of these molecules is at present unknown. A suggestion was made in the early studies that VA RNA may be precursor tRNA (Ohe & Weissman, 1969) but it was demonstrated that no tRNA complementary to adenovirus genome is present in adenovirus-infected KB cells (Ragka et al. 197o; Kline et al. I972) . Development of new techniques of separation of low mol. wt. RNA enabled us to re-examine in detail the synthesis of low mol. wt. RNA and the changes of tRNA synthesis during productive infection with adenovirus type 2.
METHODS

Cells and virus.
A mycoplasma-free line of KB cells was used. Cells were grown in' spinner' flasks in minimum essential medium (Eagle, I959) with double concentration of amino acids and lO% horse serum and maintained at densities of 2 x io 5 to 4 × lO 5 cells/ml. A plaque-purified derivative of adenovirus type 2 (Ad2) was used for infection. Cultures were infected at an m.o.i, of 2o to 6o p.f.u./cell at a cell density of 2 x 106 cells/ml. Virus adsorption was for 3o min and the cell density was then adjusted to 4 x lO 5 ml as described previously (Ragka et al. 1972 ) .
Radioactive isotope labelling of control and infected cells. Two hundred ml each of control (mock-infected) and adenovirus-infected cells were spun down at 8, 12, I6, 24, 36 and 48 h after infection and resuspended in 50 ml of fresh MEM supplemented with 3H-uridine at a concentration of 8/zCi/ml. After 6o min the cells were harvested and frozen at -70 °C.
For asP-labelling the cells were spun down and resuspended in phosphate-flee medium, supplemented with dialysed 5 o/o horse serum. The final concentrations of 3~p and labelling periods are described for each experiment in the Results section.
Isolation of low rnol. wt. RNA. Frozen cell pellets were homogenized in 45 % phenol, o'0o5 M-sodium acetate, pH 5"1, o.I ~o SDS and o.i25 ~o bentonite.
Total RNA was extracted three times with phenol at room temperature and precipitated with 2 vol. of ethanol after addition of sodium acetate, pH 5"1, to a final concentration of 2 %. The precipitate was dissolved in distilled water, and high mol. wt. RNA was precipitated with NaC1 at a final concentration of I M at 4 °C as described by Varricchio & Ragka (I976) . The precipitate was removed by centrifugation and the low mol. wt. RNA was treated with ribonuclease-free deoxyribonuclease (io #g/ml), re-extracted with phenol, sodium acetate was added, and RNA was precipitated with ethanol. RNA was dissolved in water before electrophoresis. This preparation is not contaminated with DNA fragments since all radioactivity migrating in the tRNA region of the polyacrylamide gel is uniformly removed by ribonuclease treatment and none is removed by a second deoxyribonuclease digestion.
Polyacrylamide gel electrophoresis. For the separation of low mol. wt. RNA by onedimensional polyacrylamide gel electrophoresis, 15 % gels containing 6 M-urea were used with the pH 5"8 MES-citrate buffer system described by Stein & Varricchio (1974) . For the determinaton of specific activity of RNA in the tRNA, 5S RNA and 7S RNA regions of the gel, the actual radioactivity determinations were related to the planar areas of the densitometer tracings of gels stained with methylene blue. Two-dimensional separations were done both with the I5%, pH 5"8, 6 M-urea to 16%, pH 8"3 system (Stein & Varricchio, 1974) and the 15%, pH 8"3, 6 M-urea to I6%, pH 8"3, system (Varricchio & Ernst, 1975 One:dimensional gels were scanned on a Gilford spectrophotometer equipped with a gel scanning attachment. The second dimension stab gels were autoradiographed using Chronex-4 X-ray film to locate any radioactive areas that do not correspond to methylene blue stained spots. The autoradiograms corresponded to the stained gels in the tRNA area of the gels as well as one can judge because of the limited resolution of a cluster of spots by s2p autoradiography. For the purpose of cutting out the tRNA containing spots, a cutting diagram based on the stained gel was prepared for each slab gel and correlated with the autoradiogram. Gel fragments were digested with Protosol, and counted in a liquid scintillation spectrometer using Aquasol liquid scintillation fluid. Chemicals and radioactive isotopes. Electrophoretically purified deoxyribonuclease and ribonuclease A were obtained from Worthington Biochemical Corporation, Freehold, New Jersey; aH-uridine (sp. act. 39"3 Ci/mmol) and 3zP-phosphate (carrier free) were products of New England Nuclear Corporation, Boston, Massachusetts.
RESULTS
Synthesis o flow molecular weight RNA in infected cells
Cultures were labelled for 60 min with 3H-uridine starting at 8, I2, t6, 24, 36 and 48 h after infection or mock-infection and the low mol. wt. RNA was isolated. The RNA preparations were analysed by gel electrophoresis in 15 % polyacrylamide at pH 5"8. The patterns of the stained gels are shown in Fig. I . In the control RNA preparation, several bands are identified in the tRNA region and there is a single sharp band of 5S RNA. In infected cell preparations, the tRNA pattern and the sharp 5S RNA band are similar to those in control cells. In addition, an increasing amount of VA RNA, moving in the 7S region of the gel is observed. A scan of the gels indicates that the total amount of material present in the 4S (tRNA) and 5S regions does not significantly change after infection. The amount of VA RNA reaches a maximum at 36 h after infection. Small amounts of RNA material, which migrates slightly faster than VA RNA, are also seen ( the ribosomal 5"8S RNA. In infected cells this RNA corresponds to virus-coded low mol. wt. RNA which is resolved into 3 discrete species on two-dimensional gel electrophoresis (Varricchio et aL I976) . When the gels are sliced and the profiles of radioactivity are determined, the pattern in mock-infected cells remains identical for 48 h, with about 78 ~/o of the radioactivity found in tRNA and 22 ~o in 5S RNA (Fig. 2) . In infected cells, the pattern changes from I2 h after infection. Increasing amounts of radioactivity are found in the 7S region, corresponding to VA RNA, and the additional faster moving small amounts of virus-coded RNA. From 24 h after infection, a stable pattern is observed with about 60 ~o of radioactivity found in the 7S region, less than 30 % in the tRNA (4S) region and the rest in the 5S RNA region. Specific activities of low tool. wt. RNAs labelled for I h at the times indicated change during infection. The specific activity of tRNA is unchanged in the interval o to I6 h after infection. At 24 h after infection, the tRNA specific activity is 6o % of control and does not change t h r o u g h o u t 48 h after infection. The specific activity of 5S R N A is the same as the control at 8 h after infection, increases to 2 0 0 % of the control value at i2 h after infection and is constant thereafter to 48 h after infection, The specific activity o f V A R N A is the same at I2 and i6 h after infection, decreases by 4 0 % at 24 h after infection and then remains constant to 48 h after infection. W e have to allow for the possibility that p r e -t R N A was incorporated into calculations for the t R N A a n d / o r 5S R N A regions o f the gel, although the radioactivity scans of gels labelled for longer periods of time were identical. I88 L. M. SEHULSTER, F. VARRICCHIO AND K. RASKA, JUN.
Comparison of tRNA from control and infected cells
Two different systems of two-dimensional electrophoresis were used for analysis of the tRNA synthesized in control and infected cells. In the first, the RNA is separated at pH 5"8 in the first dimension and at pH 8"3 in the second dimension. Under these conditions, the tRNA is resolved into 32 to 36 spots in most experiments. Spots are defined as RNAcontaining regions of the gel that can be detected by methylene blue staining or by autoradiography. The diagram and numbering system of spots of the second dimension gel slab is shown in Fig. 3 together with the autoradiogram. The other system uses separation at pH 8"3 in both dimensions. Fig. 4 shows the numbering system diagram and autoradiogram of the second dimension gel slab. The resolution in the tRNA region with the latter system is better; 42 to 47 spots can be identified. There are 56 or more tRNA species in eukaryotic cells (Gallo & Pestka, I97o) . Therefore, a certain proportion of the spots in both twodimensional separations must contain two or more tRNA species. All samples were separated on both two-dimensional systems to enhance the probability of detecting any changes.
Resolution may vary slightly between different runs. Therefore, the control and infected RNA preparations to be compared were run together on the same gel slab. The spots were identified by staining and autoradiography and the individual spots were cut out and counted. The data represent a series of typical experiments. Each experiment was repeated from two to six times and general patterns described below were highly reproducible.
There can be several ways to represent the data from each experiment. One way would be to compare the actual incorporation into individual spots between control and infected preparations and to observe the significant deviations from the mean of the ratios. Another way is to determine the relative proportions of total radioactivity in the individual spots for each preparation. Although a general agreement was found between the two representations, less variability was found with the latter. Fig. 5, 6 and 7 show the relative proportions of radioactivity in individual spots. A minimum of 4o % change was considered significant and only reproducible changes are mentioned in the text.
In preparations labelled from 8 to I2 h after infection, no new spots in the tRNA region were detected either in the stained gel or autoradiograms, but the relative rates of incorporation into RNA in individual spots indicated changes after infection. The results were similar with both methods of separation. Fig. 5 indicates the relative changes in radioactivity of individual spots using the separation at pH 8"3 in both dimensions. A relative increase of incorporation into RNA was observed in 7 spots and a relative decrease was detected in 8 spots. The reported changes were observed in two independent experiments.
The pattern of tRNA labelled from I2 to I6 h after infection is quite similar. No new spots are detected in tRNA from infected cells. The most prominent change is a sevenfold increase in the rate of ~zp incorporation into the spot labelled 9 (Fig. 6 ). In addition, incorporation was increased in RNA in an additional 5 spots and a decrease was detected in 6 spots. The changes considered significant were found in four independent experiments. RNA preparations labelled from 24 to 34 h after infection have shown the most prominent differences. With separation at pH 8"3 in both dimensions, a significant increase in 32p incorporation was found in 8 spots, while another 8 spots showed a significant decrease in incorporation. The changes of relative rates of incorporation into RNA in individual spots are summarized in Table I .
When the tRNA labelled from 24 to 34 h after infection was separated using the pH 5"8 to pH 8"3 gel system, the separation of spots labelled ~6 and 26 in that system was better (Fig. 7) . In some experiments, virtually no radioactivity was detected in those spots with Fig. 7 . Incorporation of ~P into specific tRNA spots between 24 and 34 h after infection. Control and infected cells were labelled from 24 to 34 h after infection with s~p at a final concentration of 2o #Ci/ml. Total radioactivity recovered from the tRNA region of the two-dimensional gel run at pH 5"8-8"3 was 199757 ct/min for the control RNA preparation and 798t I ct/min for RNA from infected cells. The results for each spot are expressed as a fraction (~) of the total radioactivity recovered in the tRNA region. * The infected cell tRNA fraction corresponding to spot I7 was lost in processing. No significant differences in that spot were observed with other preparations. E3, Control; II, infected. I4, 26, 35, 42, 9, Io, 13, 26, 28, 2, IO, I3, 26, 28, 45 34 34, 35, 38 4, I6, I8, 22, 23, 25, 1, 3, I7, 18, 32, 33 5, I7, I8, I9, 23, 32, 33 33, 39, 42 * Cultures were labelled with s~p at times indicated and isolated RNA was separated by the twodimensional system at pH 8"3 in both dimensions. Relative rates of incorporation were determined as described in Fig. 5 -Results represent data obtained in two independent experiments at 8 to iz h, four independent experiments at iz to I6 h and six independent experiments at 24 to 34 h.
RNA from infected cells, but the spots were detected on the stained gels. A significant decrease in incorporation was detected in 6 other spots (8, T3, r4B, 2i, 24 and 27) ; in 9 spots a prominent increase of incorporation was observed (3, II, I2, ~zA, 24, I5, 22, 23A and z6A) . No new spots in the tRNA region were observed in infected RNA preparations by 
DISCUSSION
These results show that the productive adenovirus type 2 infection of KB cells leads to changes in the rates of synthesis of specific tRNA, although no significant changes in amino acid acceptance were found in earlier studies (Raska et al. I97O) . These two observations are not in disagreement, considering the long half life of tRNA in mammalian cells (Hanoune & Agarwal, I97o) . Some of the changes are constant through the time periods studied (Table I ). An increase in incorporation into RNA in spot 26 was observed at all times from 8 h after infection, while increases in spots Io, r3, 28 and 34 were detected from i2 h after infection. Other increases appear to be transient. Early increases in spots 5, 7, I4, 42 and 45 are not observed after i2 h post-infection. Increases of incorporation into RNA in spots 2 and 38 are detected only from 24 to 34 h after infection.
Similarly, the decreases in spots 18 and 33 were detected at all times studied; a decrease in the spot I7 was detected from I2 h after infection. The decrease in incorporation into spot 22 was detected only before 16 h after infection but not between 24 and 34 h after infection. From I2 to I6 h after infection the most prominent change is a sevenfold (or more) increase of incorporation into spot 9. Some increase into the same spot is observed even between 8 and I2 h after infection. The material which migrates in spot 9 contains tRNA. No virus-specific sequences were detected by DNA-RNA hybridization and amino acid acceptor activity for threonine and possibly for cysteine was demonstrated (Sehulster, 1977) . In this system the synthesis of Ad2 DNA is maximal from i2 h after infection (Ragka et al. I972). Winnacker's observation that addition of tRNA increases seven-to tenfold the synthesis of adenovirus type 2 DNA in isolated nuclei of infected cells is of great interest (E. Winnacker, personal communication). It may be hypothesized that increased amounts of a specific tRNA species might be required for optimal synthesis of virus DNA in infected cells and that the marked increased of synthesis of RNA in spot 9 is a reflection of such a requirement. Relative changes in the rates of synthesis oftRNA in different spots are observed throughout the replicative cycle of the virus. Incorporation into some tRNA spots is virtually shut off late after infection.
It is possible that some isoaccepting species of tRNA are used preferentially for translation of virus mRNA, and that the relative rate of synthesis of such tRNA molecules increases, as has been inferred in bacteriophage infection (Kan et al. 197o ). On the other hand, a decrease of synthesis of some species may lead to a depletion of certain tRNA molecules, resulting in a shutdown of translation of certain host mRNAs. This might contribute to the shut-off of host-specific protein synthesis involving a mechanism similar to that reported for the interferon-induced inhibition of the translational mechanism (Content et al. I974; Gupta et al. I974; Sen et al. I976) .
The specific mechanism of shutdown of certain tRNA species and not of others is unknown. However, the differential effect of adenovirus infection on the synthesis of different tRNA species can be envisaged if specific sites for virus DNA integration into the host genome exist. About Io % of Ada DNA synthesized under these conditions is integrated into KB cell DNA (Burger & Doerfler, I974; Schick et al. I976) . A similar kind of effect of integrated virus DNA on the transcription of neighbouring genes has been described in bacteriophage infection and induction and it appears that it is the result of'escape' synthesis (Kwong et al. I975) . In this case there is a specific integration site for the phage genome. However, if
~3
VtR 40 integration of Ad2 DNA into KB cell DNA is a completely random process, it would be impossible to explain the reproducible changes of tRNA synthesis on that basis. If adenovirus infection results in changes, transient or permanent, in the utilization of certain tRNAs, then they can be reflected in rates of synthesis; that the tRNA profile can respond to synthetic needs has been shown in highly specialized cells (Smith, I975) .
The above interpretation is based on the assumption that reproducible changes of incorporation into specific RNA spots reflect changed rates of synthesis of specific individual tRNA species and do not reflect modifications of pre-existing tRNA after virus infection. We adopt this interpretation while not completely excluding the possibility that at least some of the changes observed in infected cells may be due to alterations in relative mobility of tRNAs reflecting changes in their primary structure. The latter possibility, of course, can be definitely excluded only by identification of the tRNA species in each resolved spot and the study of its primary structure.
We believe, however, that changes in aminoacylation of tRNA in infected cells are unlikely to cause major differences in mobility in two-dimensional electrophoresis at pH 8"3 since great lability of aminoacyl-tRNA has been demonstrated under such conditions (Sarin & Zamecnik, I964) . Moreover, it has recently been shown that the mobility of individual mitochondrial tRNA in two-dimensional gel electrophoresis does not significantly change after aminoacylation and chemical stabilization of aminoacyl-tRNA (Martin et al. I977) . Moreover, since growth of a relaxed methionine auxotroph mutant of Escherichia coli in methionine-free medium does not result in any detectable alteration of the two-dimensional gel electrophoresis pattern of tRNA (F. Varricchio, unpublished observations), we consider it unlikely that changes in methylation of tRNA are responsible for the changes in incorporation reported above.
Total synthesis of low mol. wt. RNA is increasing up to I6 h after infection. In the i2 to 16 h period it is 150 % of that of the control. This suggests that there may be a considerable unused capacity for low mol. wt. RNA synthesis in uninfected cells. On the other hand, considering that total incorporation into tRNA ultimately decreases by almost 50 %, the synthesis of individual tRNAs late after Ad2 infection may be considered well controlled. Transfer RNA, 5S RNA and the low mol. wt. virus-specific RNAs are all transcribed by RNA polymerase III (Weinmann & Roeder, I974; Weinmann et al. I976) . The factors controlling RNA polymerase activity are at present unknown. A possibility exists, however, that specific changes in some factor(s) governing RNA polymerase III activity occur as a result of adenovirus infection. This work was supported by grants DRG-I289 from Damon Runyon-Walter Winchell Cancer Fund and CA-2I t96 from the National Cancer Institute to K. R., Jun. L. M. S. was supported by training grant CA-o9o69 from the National Cancer Institute.
